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In  the  recent  years,  hydrogen  has  gained  a  considerable  interest  as  an  energy  carrier  useful  for  various 
applications  and,  particularly,  for  polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  supply.  Never¬ 
theless,  PEMFCs  require  high  purity  hydrogen  as  a  feeding  fuel,  which  shows  some  limitations  regarding 
storage  and  transportation.  Therefore,  to  overcome  these  problems,  the  in  situ  hydrogen  generation  has 
made  attractive  both  alcohols  and  hydrocarbons  steam  reforming  reaction.  Among  other  fuels,  methanol 
is  an  interesting  hydrogen  source  because  it  is  liquid  at  ambient  conditions,  possesses  relatively  high  H/C 
ratio,  low  reforming  temperature  (200-300  C)  and  it  is  also  producible  from  biomass.  Meanwhile,  there 
is  a  comprehensive  literature  about  inorganic  membrane  reactors  utilization  for  hydrogen  generation 
via  methanol  steam  reforming  reaction.  This  review  illustrates  the  earlier  state  of  the  art  from  an 
experimental  point  of  view  about  hydrogen  production  from  methanol  reforming  performed  in  both 
conventional  and  membrane  reactors.  Furthermore,  a  short  overview  about  methanol  reforming  catalysts 
as  well  as  a  discussion  on  the  impact  of  methanol  steam  reforming  process  via  inorganic  membrane 
reactors  to  produce  hydrogen  for  PEMFCs  supply  is  given. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

During  the  last  decades,  there  has  been  a  growing  interest  on 
developing  technologies  taking  advantage  of  clean  energy  sources. 
*  Corresponding  author.  Tel.:  +39  984  492013;  fax:  +39  984  402103.  T^e  reduction  of  atmospheric  pollution  and,  namely,  the  emission 
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technologies  for  mitigating  these  emissions,  fuel  cells  have  the 
ability  to  efficiently  convert  chemical  into  electrical  energy.  In 
particular,  PEMFCs  are  zero-pollutants  emission  systems  because 
they  transform  the  chemical  energy  of  the  electrochemical  reac¬ 
tion  within  hydrogen  and  oxygen  into  clean  electrical  power  [1,2], 
Generally,  they  work  at  T  <  100  °C,  making  possible  a  rapid  start¬ 
up.  Unfortunately,  as  a  principal  drawback,  PEMFCs  need  to  be 
supplied  by  high  purity  hydrogen  since  the  anodic  Pt-based 
catalyst  tolerates  less  than  10  ppm  of  CO.  The  hydrogen  is 
industrially  produced  as  a  hydrogen-rich  stream  mainly  via  steam 
reforming  of  natural  gas  in  conventional  reformers  (CRs)  [3], 
Successively,  hydrogen  is  purified  to  reach  the  desired  purity  for 
the  PEMFC  supply.  Indeed,  the  reformed  stream  coming  out  from 
the  CRs  commonly  contains  hydrogen,  C02,  CO,  CH4  and  other 
byproducts.  As  a  consequence,  PEMFCs  supply  imposes  the  pur¬ 
ification  of  hydrogen,  which  commonly  takes  place  in  second  stage 
processes,  namely  water  gas  shift  (WGS)  reaction  (performed  in 
two  reactors  operating  in  series  at  high  and  low  temperatures), 
partial  oxidation  (PROX)  and  pressure  swing  adsorption  (PSA) 
[4-6],  Nevertheless,  the  aforementioned  stages  of  hydrogen  pur¬ 
ification  affect  negatively  the  overall  process  in  terms  of  costs  and 
efficiency  [7],  Hence,  at  scientific  level  much  attention  has  gained 
the  development  of  alternative  technologies  to  generate  high 
purity  hydrogen  (or,  at  least,  COx-free)  for  PEMFCs  supply.  Among 
them,  membrane  reactors  (MRs)  technology  plays  an  important 
role  as  an  alternative  solution  to  the  conventional  systems 
(CRs  +  further  stage  of  hydrogen  purification  systems)  in  terms 
of  combination  in  a  single  stage  of  the  reforming  reaction  for 
generating  hydrogen  and  its  purification  without  needing  any 
further  process/treatment  [8],  As  shown  in  Fig.  1,  the  interest 
towards  this  technology  is  testified  by  the  growing  number  of 
scientific  publications  in  the  specialized  literature. 


Fig.  1.  Number  of  scientific  papers  on  H2  production  by  MR  technology  vs  year. 
Scopus  database:  www.scopus.com. 


As  a  particular  aspect  regarding  membrane  technology, 
the  inorganic  MRs  utilization  makes  possible  several  benefits  over 
the  CRs  [10-12],  although  they  also  present  some  drawbacks  as 
summarized  in  Table  1. 

In  particular,  in  the  last  decades,  an  extensive  literature  has 
been  addressed  to  hydrogen  production  using  inorganic  MRs 
based  on  both  dense  and  supported  Pd-based  membranes  [13-25], 
because  of  their  high  perm-selectivity  to  hydrogen  with  respect  to 
all  other  gases. 

Meanwhile,  compared  to  other  feedstocks,  methanol  exploita¬ 
tion  shows  various  advantages  as  a  hydrogen  carrier  for  fuel  cell 
applications  and,  namely,  it  can  be  produced  from  renewable 
sources  [9]  and  the  reforming  reaction  occurs  at  relatively  low 
temperatures,  ca.  240-260  C  [4],  compared  to  the  methane 
reforming,  normally  performed  at  800-1000  °C  [10].  Methanol 
steam  reforming  (MSR)  reaction  has  been  seen  as  a  very  attractive 
and  promising  process  for  hydrogen  production  and,  according  to 
the  scientific  literature  on  the  argument,  it  can  be  described  by  the 
following  chemical  reactions: 

CH30H+H20  =  C02  +  3H2  AH°298  k= +49.7  (kj/mol)  (1) 

C0  +  H20  =  C02  +  H2  AHd298  K  = -41.2  (kj/mol)  (2) 

CH3OH  =  CO  +  2H2  AH°298  K  +  90.7  (kj/mol)  (3) 

Reaction  (1),  represents  MSR  reaction,  reaction  (2)  represents 
water  gas  shift  reaction  and  reaction  (3)  represents  the  methanol 
decomposition  reaction.  Only  the  WGS  reaction  is  exothermic  and 
takes  place  without  variation  of  moles  number.  The  steam  reform¬ 
ing  reaction  besides  being  endothermic  takes  place  with  an 
increase  of  moles  number.  Unfortunately,  the  main  drawback  of 
this  process  is  represented  by  the  CO  formation  as  a  byproduct, 
which  -  as  stated  previously  -  can  poison  the  anodic  catalyst  of 
the  PEMFCs  as  well  as  affect  negatively  the  permeation  of  Pd- 
based  MRs  [26],  Indeed,  in  the  field  of  MSR  reaction  performed  in 
CRs,  several  scientists  paid  special  attention  to  catalyst  optimisa¬ 
tion  in  order  to  reduce  the  CO  content  [27-38], 

The  aim  of  this  review  is  then  oriented  in  describing  the  earlier 
state-of-the-art  about  the  use  of  inorganic  MRs  technology  for 
conducting  the  MSR  reaction  targeting  the  production  of  PEMFC 
grade  hydrogen. 

2.  Methanol  steam  reforming  catalyst 

MSR  has  been  widely  studied  and  the  most  common  catalysts 
are  based  on  copper,  such  as  Cu/ZnO/Al203,  working  at  ca.  240- 
260  °C  [27,39,40],  Copper-based  catalysts  are  very  active  and  low 
cost,  even  though  they  originate  a  significant  concentration  of 
carbon  monoxide,  show  low  stability  and  pyrophoric  nature.  As  an 
example,  Conant  et  al.  [41  ]  studied  Cu0/Zn0/Al203  catalyst  stabi¬ 
lity  at  250  °C  and  concluded  that,  after  60  h  of  operation,  methanol 


Table  1 

Some  of  the  most  significative  benefits  and  drawbacks  of  MRs  utilization. 


MRs  benefits 

MRs  drawbacks 

Compact  unit  in  combining  both  reaction  and  hydrogen  purification 
with  a  consequent  capital  costs  reduction 

Conversion  enhancement  of  equilibrium  limited  reactions.  Higher 
conversions  than  CRs  (exercised  at  the  same  MRs  conditions)  or 
at  the  same  conversion  of  CRs  reached  at  milder  operating  conditions 

Direct  production  of  high  purity  hydrogen  in  a  single  unit 
(in  the  case  of  a  dense  Pd-based  MR) 

Retentate  stream  of  MRs  rich  in  C02  (i.e.  the  stream  not  permeated 
through  the  membrane)  when  performing  reforming  reactions 

High  costs  and  low  mechanical  resistance  in  case  of 
dense  palladium-MRs 

Not  high  purity  hydrogen  production  in  the  case  of 
composite  Pd-based  MRs.  Not  high  hydrogen  perm-selectivity 
in  the  case  of  non  Pd-based  MRs  utilization 

Hydrogen  embrittlement  at  T<  300  °C  in  the  case  of  dense  Pd-MRs 

Contamination  of  H2S,  coke  CO,  etc.  in  the  case  of  Pd-MRs 
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conversion  dropped  40%.  Catalyst  deactivation  can  be  then  caused 
by  sintering,  coke  deposition,  catalyst  poisoning  (chloride,  sul¬ 
phur)  and  change  in  oxidation  state.  Coke  formation  can  be 
prevented  using  the  water  molar  fraction  above  the  stoichiometry 
(Eq.  (1))  and,  generally,  the  best  results  are  obtained  for  molar 
water/methanol  ratio  of  1.5:1. 

Therefore,  the  development  of  MSR  catalysts  more  active, 
stable  and  producing  less  carbon  monoxide  are  needed.  Especially, 
catalysts  that  can  operate  at  ca.  180  C  are  strongly  desired  since 
they  are  expected  to  be  more  stable  and  to  produce  less  carbon 
monoxide  (Eq.  (3)  is  disfavored  for  lower  temperatures)  and 
thermodynamically  they  show  almost  complete  conversion.  More¬ 
over,  since  MSR  is  an  endothermic  reaction,  the  reformer  reactor 
can  be  synergistically  coupled  with  a  high  temperature  (HT)- 
PEMFC,  which  works  exothermally.  HT-PEMFC  operates  preferen¬ 
tially  in  the  range  160  °C  and  180  °C.  Despite  the  advantages  of 
working  at  180  °C,  copper  based  catalysts  need  activation  that 
occurs  naturally  when  operating  the  reactor  at  temperatures 
above  240  "C.  For  CuO/ZnO/Al203,  this  is  carried  out  by  reducing 
the  catalyst  under  hydrogen  atmosphere  at  250  °C. 

Two  approaches  can  be  followed  to  prepare  copper-based  more 
active  catalysts  and  originating  less  carbon  monoxide:  (a)  adding 
promoters  [42-45]  and  (b)  changing  the  preparation  method 
[46,47],  Both  approaches  are  used  to  increase  the  metal  dispersion 
and  surface  area  and  to  decrease  the  particle  size.  The  most  used 
promoters  for  copper-based  catalysts  are  ZnO  [42],  Zr02  [48],  Mn 
[49],  Ce02  [50]  or  A1203  [51],  Furthermore,  some  materials  can 
affect  the  CO  selectivity  such  as  Zr02  [42]  or  change  the  surface 
area  where  copper  is  dispersed  such  as  alumina  or  chromium(IH) 
oxide  [52],  The  catalyst  preparation  method  is  the  second  tool 
available  for  improving  the  catalytic  activity  and  the  most  used  for 
cooper-based  catalysts  are  derivations  from  co-precipitation  and 
wet-impregnation.  Depending  on  the  promoters  or  the  supports, 
the  more  active  catalyst  of  a  specific  type  can  be  obtained  by  one 
or  other  method  or  even  by  a  derivation  of  the  previous  (e.g.  to 
produce  CuZr02  the  best  method  is  a  derivation  from  co¬ 
precipitation  [53-55]).  Alumina  is  one  of  the  most  used  catalyst 
support,  but  there  are  others  such  as  carbon  nanotubes  that  are 
being  investigated  with  promising  results  [56],  Furthermore,  other 
interesting  results  were  presented  by  Gao  et  al.  [57]  using  a 
La2Cu04  nanofiber. 

Besides  cooper-based  catalysts,  others  are  being  studied  for  MSR 
reaction,  in  particular  those  containing  group  VIII— X  metals  and, 
especially,  palladium.  Pd/ZnO/Al203  catalyst  presents  higher  stability 
than  Cu/ZnO/Al203  with  an  initial  deactivation  of  17%,  afterwards 
stable  for  60  h  [41  ].  Pd/ZnO  catalyst  when  compared  with  other 
metals  (Ni,  Pt,  Ru,  Ir)  supported  on  ZnO,  presents  lower  CO  produc¬ 
tion  and  a  higher  methanol  conversion  [58-61],  The  application  of  a 
second  metal  to  form  bimetallic  alloy  can  also  improve  the  catalyst 
activity  and  selectivity.  The  best  activity  reported  was  obtained  with 
Pd/Zn  and  Pd/Ga  and  the  best  selectivity  with  Pd/Cd  [56],  Pd  catalysts 
are  drawing  the  attention  of  many  researchers  that  are  investigating 
the  role  of  the  preparation  methods  [62],  the  effect  of  support  surface 


area  [63]  and  the  particle  size  [64],  The  search  for  more  active  and 
selective  catalysts  for  MSR  resulted  in  a  large  number  of  articles  that 
were  recently  reviewed  [65], 


3.  Methanol  steam  reforming  reactors 

The  reactor  design  has  direct  impact  on  the  reaction  conver¬ 
sion,  but  owing  to  higher  technical  complexity  and  manufacturing 
costs  of  other  designs,  the  reformers  and  MRs  are  normally 
tubular.  However,  recent  efforts  in  the  area  of  micro-processing 
made  possible  and  easier  to  manufacture  other  reactor  designs 
and  namely  well-structured  flat  micro-reactors.  A  micro-reactor  is 
defined  as  a  device  that  contains  micro  structured  features,  with  a 
sub-millimeter  dimension,  in  which  chemical  reactions  are  per¬ 
formed  in  a  continuous  manner  [66].  They  present  advantages 
compared  to  conventional  ones  such  as  higher  surface-to-volume 
ratio,  smaller  mean  distance  of  the  specific  fluid  volume  to  the 
reactor  walls,  better  heat  and  matter  transfer  properties  and  flow 
patterns  that  fit  with  the  reaction  needs.  Furthermore,  flat  refor¬ 
mers  are  suitable  for  stack  integration  with  fuel  cells. 

Packed-bed  micro-reactors  require  well-define  catalyst  parti¬ 
cles,  with  regular  shape  and  much  smaller  than  the  internal 
dimensions  of  the  micro-channels,  which  is  a  problem  for  most 
of  commercial  catalysts  [66]  and,  then,  most  of  micro-reactors  use 
the  catalyst  applied  as  a  coat.  Micro-reactors  range  in  area  from 
0.1  to  10  cm2  [66]  and  mini-reactors  range  between  10  and 
200  cm2.  Mini-reactors,  however,  are  more  suitable  for  packed 
bed  applications  and  match  the  typical  size  of  fuel  cells. 

MSR  originates  a  stream  that  contains  besides  hydrogen,  small 
amounts  of  reactants,  carbon  dioxide  and  carbon  monoxide.  The 
reformate  stream  needs,  then,  to  be  purified  and  dense  Pd- 
membrane  reactors  not  only  allow  obtaining  a  high  purity  hydro¬ 
gen  stream  but  also  contribute  for  improving  the  reformer  con¬ 
version.  Pd-membrane  reactors  are  normally  tubular,  even  though 
they  can  also  be  produced  flat  [22,67], 

Many  studies  have  been  developed  to  explore  the  advantages 
of  micro/mini-reactors  to  produce  hydrogen  through  MSR.  The 
design  of  a  reactor  targets  the  maximization  of  the  conversion  and 
selectivity  at  the  lowest  costs  and  its  performance  is  influenced  by 
the  flow  pattern,  velocity  profile,  pressure  drop  and  heat  transfer, 
so  all  these  aspects  must  be  considered  [68],  For  conducting  MSR 
reaction,  most  of  the  used  reactor  designs  are  rectilinear  channels, 
pin-hole,  coil-based  and  radial  (Fig.  2). 

Coil-based  reactor  designs  allow  high  conversions,  but  impose 
a  significant  pressure  drop  penalty,  which  may  be  a  limitation 
for  compact  applications  [68],  In  the  other  hand,  the  rectilinear 
channel  designs  exhibit  a  small-pressure  drop,  but  the  conversion 
is  low  due  to  uneven  mass  distribution  and  is  affected  by  the 
Reynolds  number  [68].  Yet,  by  adjusting  the  channels  width  [69] 
or  by  imposing  a  pressure  drop  at  the  channels  entrance  even 
distributions  on  rectilinear  channel  designs  can  be  obtained, 
improving  the  methanol  conversion  [69],  The  pinhole  design  has 


Fig.  2.  Different  flow  field  designs  of  CRs.  (a)  coiled-serpentine;  (b)  Parallel  multichannel;  (c)  Pin-hole;  (d)  Radial. 
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a  b 


c  d 


Fig.  3.  (a)  Pressure  profile  in  micro-channel  reactor— fluid  pressure  (atm)  vs.  distance  (m);  (b)  velocity  profile  in  micro-channel  reactor— fluid  velocity  (m/s)  vs.  distance  (m); 
(c)  Pressure  profile  in  radial  reactor— fluid  pressure  (atm)  vs.  distance  (m);  (d)  velocity  profile  in  radial  reactor— fluid  velocity  (m/s)  vs.  distance  (m),  (adapted  from  [70]). 


great  potential  for  innovative  applications;  it  presents  a  methanol 
conversion  comparable  to  the  coil  reactor  with  lower  pressure 
drop.  This  design,  however,  exhibits  a  mass  distribution  that 
depends  on  the  Reynolds  number.  The  flow  field  design  should 
provide  even  a  distribution,  independently  of  the  Reynolds  num¬ 
ber,  since  the  reactor  is  operated  at  different  flow  rates. 

Typically,  the  molar  flow  rate  of  reformate  streams  is  almost 
twice  the  feed  flow  rate,  originating  a  significant  surface  velocity 
increase  as  the  reaction  stream  moves  along  a  constant  cross 
sectional  area  reactor.  Moreover,  since  the  pressure  decreases 
towards  the  exit  of  the  reactor,  the  surface  velocity  increases  even 
more  [70]  (Fig.  3).  For  a  diffusion-limited  or  close  to  diffusion- 
limited  reaction,  this  large  variation  of  surface  velocity  can  be  very 
detrimental  for  the  conversion  [71], 

The  radial  reactor  design,  Fig.  2d,  has  unique  features  for  MSR 
because  of  the  increase  of  section  area  as  the  gas  moves  to  the 
outlet,  leading  to  low  pressure  drop  compared  to  tubular  reactor 
and  a  close  to  constant  velocity  profile  (Fig.  3).  Radial  reactor 
designs  despite  of  the  complex  manufacturing  originate  higher 
methanol  conversions  than  channel  designs  [70], 

The  reactor  design  must  minimize  temperature  gradients, 
operating  as  close  as  possible  of  isothermal  conditions.  For  channel 
reactors,  assuming  only  inter-particle  temperature  gradients,  iso¬ 
thermal  conditions  can  be  achieved  by  diminishing  the  channel 
width  [72,73].  However,  the  width  of  the  channels  should  be  ca. 
300  pm  in  the  case  of  MSR  to  avoid  temperature  gradients  [72], 
which  is  not  feasible  for  packed  bed  reactors,  due  to  high-pressure 
drop  originated  by  the  small  particle  size  of  the  catalyst. 

To  minimize  temperature  gradients  some  strategies  have  been 
considered  such  as  internal  heating  [74]  or  wall  coated  reformers 
[75-80],  Wall-coated  reformers  compared  to  packed-bed  show  low- 
pressure  drop  and  high  heat  transfer  providing  isothermal  condi¬ 
tions,  but  they  have  lower  specific  catalyst  load.  Nevertheless, 
regarding  the  conversion  and  for  a  given  contact  time  (W/F),  some 
studies  indicate  that  wall-coated  reformers  better  perform  [72,78,79], 
while  others  indicate  similar  performances  [80],  These  different 
conclusions  might  be  related  to  differences  in  catalyst-layer  packing 
or  coating  methods,  catalyst  weight,  channel  width  and  operating 


conditions  [81].  Inside  the  catalyst  layer,  heat  transfer  is  dominated 
by  heat  conduction  (e.g.  /lcuo/zno/M2o3  =0.17  W  m_1  K_1  [72]),  thus 
using  glass  beads  or  other  inert  particles  with  higher  heat  conduc¬ 
tivity  should  improve  the  temperature  distribution. 


4.  Outlook  on  membrane  reactor  technology  and  fuel  cells 

4.3.  Membrane  reactors 

The  comprehensive  concept  of  MRs  was  introduced  in  the  1950s, 
even  if  only  with  the  exploitation  of  new  inorganic  materials  and 
the  development  of  high-temperature  membrane  processes  there 
has  been  a  growing  interest  towards  the  research  and  application 
of  MR  technology  [82],  In  fact,  this  is  testified  by  an  extensive 
literature  on  MRs  concerning  different  applications  and  scientific 
fields.  In  detail,  during  the  last  30  years  different  kind  of  MRs  have 
been  developed  and,  as  a  general  subdivision,  they  are  summarized 
in  the  following: 

(a)  Dense  and  porous  inorganic  membrane  reactors  [83,84], 

(b)  Zeolite  membrane  reactors  [85,86], 

(c)  Polymeric  membrane  reactors  [87,88], 

(d)  Enzyme  membrane  reactors  [89] 

(e)  Bio-medical  membrane  reactors  or  membrane  bio-reactors 
using  cells  [90,91]. 

(f)  Electrochemical  membrane  reactors  (fuel  cells,  electrolytic 
cells,  etc.)  [92]. 

(g)  Photo-catalytic  membrane  reactors  [93], 

Recently,  many  scientists  have  proposed  the  application  of 
membranes  combined  to  chemical  and  biochemical  reactions  in 
order  to  intensify  the  whole  process.  Most  of  the  approaches  may 
be  classified  concerning  the  role  of  membranes  towards  the 
removal/addition  of  the  various  chemical  species  as:  (a)  extractor, 
(b)  distributor  and  (c)  contactor.  Membranes  are  generally  cate¬ 
gorized  by  referring  to  materials  or  structures,  giving  particular 
relevance  to  the  selectivity  of  the  permeation  of  such  a  product 
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with  respect  to  other  ones.  However,  in  this  review  our  attention  is 
devoted  to  the  discussion  on  dense  and  porous  inorganic  mem¬ 
brane  reactors,  able  to  integrate  a  chemical  reaction  (such  as  MSR) 
with  a  membrane  process  (H2  separation).  Commonly,  the  role  of 
the  membrane  in  a  membrane  reactor  can  be  described  as: 

•  Extractor,  when  it  selectively  removes  the  desired  products 
from  the  reaction  mixture  for  permeation. 

•  Distributor,  when  it  controls  the  addition  of  reactants  to  the 
reaction  mixture. 

•  Contactor,  when  it  intensifies  the  contact  within  reactants  and 
catalyst. 


retentate  (reaction  side)  and  permeate  (side  in  which  hydrogen 
permeating  through  the  membrane  is  collected)  zones,  respec¬ 
tively,  n  (variable  in  the  range  0.5-1)  the  dependence  factor  of  the 
hydrogen  flux  on  the  hydrogen  partial  pressure.  For  membranes 
with  thickness  higher  than  5  pm,  Eq.  (4)  becomes  the  Sieverts-Fick 
law  (5): 


Jh2,  Sieverts-Fick  —  Pe h2  x  (pft25  ,retentate  Ph2  .permeate  ) 


(5) 


For  high  pressures  the  hydrogen-hydrogen  interactions  in  the 
palladium  bulk  are  not  negligible,  thus  n  becomes  equal  to  1 : 

J H2  =  PC H2  x  (PH2,retentate—  PH2,permeate)/^  (®) 


When  a  MR  is  performed  in  “extractor”  mode,  a  desired 
product  obtained  by  the  chemical  reaction  is  selectively  removed 
from  the  reaction  side  for  permeation  through  the  membrane. 
In  the  case  of  thermodynamic  limited  reactions,  Extractor  mode 
can  also  be  used  to  increase  the  selectivity  towards  a  particular 
intermediate  species  in  a  cascade  reaction,  if  this  species  is 
selectively  removed  from  the  reaction  medium.  Furthermore, 
besides  the  benefit  of  the  shift  effect,  the  extractor  modality 
may  reduce  sequential  reactions.  In  particular,  when  the  reaction 
rate  of  the  undesired  secondary  reactions  is  higher  than  that  of 
the  main  reaction,  the  reaction  selectivity  can  be  significantly 
increased  by  removing  the  desired  intermediate  species.  Extrac¬ 
tors  have  great  application  on  dehydrogenations  or  reactions  for 
hydrogen  production  such  as  steam  reforming  or  WGS,  performed 
using  hydrogen  selective  membranes  [94], 

“Distributor”  mode  concerns  the  membrane  utilization  to  add 
uniformly  a  limiting  reactant  along  the  reactor  space  to  prevent 
hot  spots  and  side  reactions.  For  example,  in  partial  oxidation 
reactions,  the  membrane  is  used  for  selectively  dosing  oxygen 
targeting  both  high  conversions  and  product  selectivities  [95,96], 
As  a  further  benefit,  considering  that  the  reactants  and  oxygen  are 
not  premixed,  mixtures  are  consequently  avoided  and  flame  back 
firing  into  the  feed  is  prevented. 

MRs  used  in  “contactor"  mode  make  possible  that  the  two- 
sided  geometry  of  the  membranes  may  allow  for  different  options 
to  bring  reactants  into  contact. 

4.2.  Palladium-based  MRs 

Among  the  inorganic  membranes,  special  attention  should  be 
paid  to  dense  palladium-based  membranes  owing  to  their  full 
hydrogen  perm-selectivity.  Nevertheless,  between  0  and  700  °C 
other  metals  such  as  niobium,  vanadium  and  tantalum  show 
higher  hydrogen  permeability  than  palladium,  even  if  they  have 
a  stronger  surface  resistance  to  hydrogen  transport  than  palla¬ 
dium.  Therefore,  dense  palladium  membranes  are  greatly  consid¬ 
ered,  although  their  commercialization  is  limited  by  some 
drawbacks  such  as  low  hydrogen  permeability  and  high  costs 
[22].  The  hydrogen  molecular  transport  in  palladium  membranes 
takes  place  through  a  solution/diffusion  mechanism,  developed  in 
six  different  activated  steps:  (a)  dissociation  of  molecular  hydro¬ 
gen  at  the  gas/metal  interface;  (b)  adsorption  of  the  atomic 
hydrogen  on  membrane  surface;  (c)  dissolution  of  atomic  hydrogen 
into  the  palladium  matrix;  (d)  diffusion  of  atomic  hydrogen  through 
the  membrane;  (e)  re-combination  of  atomic  hydrogen  to  form 
hydrogen  molecules  at  the  gas/metal  interface;  (f)  desorption  of 
hydrogen  molecules.  Generally,  the  hydrogen  flux  permeating 
through  a  generic  membrane  may  be  expressed  as  in  the  following: 

Jh2  P^H2  (PH2,retentate— Ph2,  permeate)/*^  (^) 

where  JHl  is  the  hydrogen  flux  permeating  through  the  mem¬ 
brane,  PeH2  the  hydrogen  permeability,  5  the  membrane  thickness, 
PH2-retentate  and  Ph2 -permeate  the  hydrogen  partial  pressures  in  the 


Furthermore,  if  the  hydrogen  permeability  is  expressed  as  an 
Arrhenius-like  equation,  Sieverts-Fick  law  becomes  the  Richard¬ 
son's  Eq.  (7): 

J»2  =  Pe°2[exp(-£a/RD]  X  (pj£ retentate ~Pul permeate)/-*  (7> 

when  dense  Pd-based  membranes  are  exposed  to  pure  hydrogen 
permeation  below  both  300  C  and  2.0  MPa,  the  so  called  “hydro¬ 
gen  embrittlement”  phenomenon  may  take  place.  It  may  be  solved 
by  alloying  palladium  with  other  metals,  such  as  silver,  which 
displays  its  electron  donating  behaviour,  being  largely  similar  to 
that  of  the  hydrogen  atom  in  palladium,  making  possible  competi¬ 
tion  for  the  filling  of  electron  holes  within  the  silver  and  hydrogen. 
In  MRs,  the  presence  of  hydrogen  sulfide,  S02,  Hg  vapour, 
thiophene,  arsenic,  unsaturated  hydrocarbons,  or  chlorine  carbon 
from  organic  materials,  etc.  may  contaminate  dense  Pd-based 
membranes  causing  their  irreversible  poisoning  [97],  Furthermore, 
the  presence  of  CO  in  a  MR  affects  negatively  the  hydrogen 
permeation  performances  of  the  membrane,  because  the  adsorbed 
CO  displaces  the  adsorbed  hydrogen,  blocking  the  hydrogen 
adsorption  sites.  This  effect  is  more  intense  at  lower  temperature 
(below  150  C)  or  at  higher  CO  feed  concentration  [98,99].  Also 
steam  may  poison  dense  Pd-based  membranes  by  affecting  the 
water  vapour  dissociation/recombinative  desorption,  which  con¬ 
taminates  the  palladium  surface  with  adsorbed  oxygen  [100], 

During  the  last  years,  special  attention  has  been  devoted  to 
composite  Pd-based  MRs  in  order  to  reduce  the  amount  of 
palladium  and  consequently  lowering  the  cost.  Composite  mem¬ 
branes  are  constituted  by  a  thin  dense  layer  of  palladium  or  its 
alloy  deposited  onto  porous  supports  such  as  porous  Vycor  glass 
(silica  gel),  Si02,  A1203,  and  B203  or  porous  stainless  steel  (PSS). 
The  supports  having  a  thermal  expansion  coefficient  close  to  the 
palladium  allow  high  mechanical  durability  and  simplify  the  gas 
sealing  [16],  Nevertheless,  PSS  support  alloys  the  palladium  at 
relatively  high  temperatures,  leading  to  lower  the  hydrogen 
permeability  [101], 

4.3.  Proton  exchange  membrane  fuel  cells 

PEMFCs  gained  a  considerable  attention  because  they  represent 
an  alternative  technology  to  produce  green  power  due  to  the 
chemical  energy  conversion  of  a  fuel  such  as  hydrogen  directly 
into  electrical  energy  [102].  Indeed,  PEMFCs  could  represent  a 
viable  solution  to  these  issues  because  they  are  able  to  limit  C02 
and  other  harmful  emissions  in  the  atmosphere.  Unfortunately, 
PEMFCs  show  also  some  drawbacks  to  enter  fully  in  the  market 
such  as  the  high  cost  of  the  membrane,  fuel  crossover,  anodic 
catalyst  poisoning  mainly  caused  by  the  CO  and  so  on.  PEMFCs  are 
commonly  exercised  at  T<  100  °C  and  ambient  pressure  using 
commercial  membranes  based  on  Nation  (produced  by  DuPont)  as 
a  sulfonated  perfluorinated  polymer.  Nation  shows  great  perfor¬ 
mances  in  terms  of  proton  conductivity  and  high  potential  at  low- 
medium  temperature  (up  to  80-100  C)  and  under  fully  hydrated 


360 


A.  Iulianelli  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  29  (2014)  355-368 


o 

55 


-Q 

E 


■  MSR 


Fig.  4.  Number  of  publications  on  ISI  journals  vs  years  about  MSR  reaction  (Scopus 
database:  www.scopus.com). 


conditions,  whereas  high  costs,  fuel  crossover,  loss  of  perfor¬ 
mances  at  T>100°C  are  the  main  Nafion  drawbacks  [102], 
PEMFCs  are  fueled  by  pure  hydrogen  and  the  CO  tolerance  for 
T<  80  C  is  of  a  few  ppm.  As  a  consequence,  much  scientific 
attention  has  been  devoted  to  improve  the  catalyst  tolerance  to 
CO,  pointing  out  that  Pt/Ru  alloys  are  the  most  promising  [103], 
However,  in  the  field  of  high-temperature  (HT)  PEMFCs,  Nafion 
does  not  offer  the  best  performances  due  to  the  reduced  hydration 
conditions.  Therefore,  other  kinds  of  polymers  are  useful  as 
polymer  electrolyte  membranes  instead  of  Nafion.  Among  them, 
hybrid  polymeric  membranes  based  on  blend  of,  for  example, 
sulfonated  poly-ether-ether-ketone  (S-PEEK)  and  poly-benzimida- 
zole  (PB1)  or  S-PEEK  derivative  membranes  such  as  sulfonated 
poly-ether-ether-ketone  with  cardo  group  (S-PEEK-WC)  offer  good 
performances  in  terms  of  proton  conductivity  and  resistance  to  fuel 
crossover  in  the  temperature  range  of  80-200  C  [104],  Furthermore, 
in  the  field  of  HT-PEMFCs,  CO  tolerance  of  the  anodic  catalyst  is 
higher,  around  20,000-30,000  ppm  [103]  and  hydrogen  does  not 
need  to  be  highly  purified,  reducing  the  processes  (and  consequent 
costs)  useful  for  the  hydrogen  separation/purification. 


Fig.  5.  Number  of  publications  on  ISI  journals  vs  years  about  MSR  reaction  in  MRs 
(Scopus  database:  www.scopus.com). 


5.  Feasibility  study  of  methanol  steam  reforming  reaction  via 
MRs 

As  reported  in  Fig.  4,  the  number  of  publications  on  ISI  journals 
regarding  MSR  reaction  as  a  main  topic  is  depicted  during  the 
years,  whereas  the  number  of  publications  about  the  combination 
between  MSR  reaction  and  MRs  is  shown  in  Fig.  5.  It  is  quite 
evident  that,  in  both  figures,  the  interest  towards  this  kind  of 
reaction  is  grown  even  though  membrane-based  methanol 
reforming  systems  have  been  studied  by  a  number  of  academic 
and  industrial  organizations  only  as  a  particular  field  of  a  general 
interest  on  MSR  reaction  [38], 

However,  MRs  offer  various  benefits  over  low-pressure  systems 
for  hydrogen  production  combined  with  catalytic  CO  mitigation 
even  though  they  also  show  various  drawbacks,  particularly  the 
fragile  nature  of  thin  metal  foils  and  the  high  cost. 


Table  2 

Some  of  the  most  representative  experimental  results  about  MSR  reaction  in  MRs  from  the  open  literature. 
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In  particular,  the  cost  of  palladium  represents  a  potential  barrier 
for  membrane-based  systems  to  enter  in  the  market.  Therefore, 
being  the  palladium  intrinsically  expensive,  there  has  been  in  the 
last  years  a  crucial  need  to  operate  in  MRs  with  thin  supported 
palladium  membranes  instead  of  dense  self-supported  foils  and 
much  progress  has  been  made  in  this  area.  Nowadays,  most  of  the 
methanol  reforming  units  have  been  represented  by  MRs,  mainly 
for  the  advantageous  reasons  listed  above  and  in  spite  of  their 
higher  cost.  In  Table  2,  the  most  representative  results  in  terms  of 
conversion,  hydrogen  recovery  and  so  on  are  reported  about  MSR 
reaction  performed  in  MRs.  In  detail,  this  table  summarizes  the 
different  typology  of  membranes  used  in  MRs  for  conducting  MSR 
reaction  besides  the  type  of  catalyst  used  and  other  important 
parameters  such  as:  H2/N2  ideal  selectivity,  H20/MeOH  feed  ratio, 
reaction  pressure,  reaction  temperature,  etc. 

In  particular,  Table  2  points  out  that  in  the  last  years  many 
efforts  have  been  made  towards  the  development  of  composite 
Pd-based  membranes  (a  dense  layer  of  Pd  deposited  onto  a  porous 
support)  and  not  Pd-based  MSR  membrane-based  systems.  Never¬ 
theless,  some  data  from  literature  are  also  given  about  the 
utilization  of  dense,  self-supported  Pd-based  membranes  in  order 
to  offer  a  more  complete  view  on  the  topic.  This  table  shows  how, 
by  reducing  the  amount  of  palladium  (in  membranes  constituted 
by  few  microns  of  palladium  layer  deposited  on  porous  supports), 
in  some  case  [105]  it  is  possible  to  maintain  the  full  H2/other  gas 
selectivity  like  the  dense  one  [114,115]  with  high  performances  in 
terms  of  methanol  conversion  and  hydrogen  recovery.  However, 
this  table  reports  the  most  recent  findings  in  this  area  referring  to 
composite  Pd-based  MRs  for  performing  MSR  reaction.  More  in 
detail,  one  of  the  most  significant  developments  in  the  area  is 
represented  by  the  study  of  Israni  and  Harold  [105],  who  synthe¬ 
sized  a  thin  Pd-Ag  layer  (3.9  pm)  deposited  via  electroless  plating 
deposition  (ELP)  onto  a  porous  a-Al203  support.  This  membrane 
shows  a  full  H2/N2  perm-selectivity  and  allows  to  reach  complete 
methanol  conversion  during  MSR  reaction  at  250  “C  with  a 
hydrogen  recovery  varying  from  45  to  95%,  depending  on  the 
reaction  pressure  in  the  range  of  3-10  bar.  In  this  case,  the  purity 
of  the  hydrogen  permeated  stream  was  100%.  Also  Lin  and  Rei 
[109]  prepared  a  supported  Pd  layer  (20  pm)  onto  a  porous 
stainless  steel  (PSS)  support  with  a  H2/N2  perm-selectivity  of 
around  4000,  useful  for  obtaining  95%  of  methanol  conversion 
with  a  hydrogen  recovery  of  around  97%  and  a  hydrogen  permeate 
purity  of  99.9%  at  6  bar  and  350  °C.  In  other  cases,  the  Pd-based 
composite  membranes  did  not  give  great  results,  probably  because 
the  presence  of  defects  in  the  Pd-layer  affected  the  H2  perm¬ 
selectivity  with  respect  to  all  the  other  gases  with  a  consequent 
loss  of  performances  in  terms  of  conversion  (due  to  a  lower  “shift 
effect”),  hydrogen  recovery  and  purity.  Table  2  also  shows  new 
findings  on  not  Pd-based  MRs,  namely  carbon  and  silica-based 
membranes  [107,108,111-113],  In  the  study  of  Mendes  and  co¬ 
workers  [117],  the  carbon  membrane  from  Carbon  Membranes  Ltd. 
is  developed  via  pyrolysis  method  of  dense  cellulose  cupra-amonia 
hollow  fibres  and  possesses  relatively  low  H2/N2  perm-selectivity, 
even  if  it  allows  to  reach  methanol  conversion  higher  than  90% 
with  a  hydrogen  recovery  >  80%.  On  the  contrary,  Briceno  et  al. 
[116]  prepared  the  supported  carbon  membrane  based  on  a  porous 
ceramic  support  of  Ti02  coated  with  Zr02,  onto  which  various 
polymeric  solutions  as  carbon  precursors  have  been  deposited 
and,  then,  pyrolysed.  The  supported  carbon  membrane  was  useful 
for  obtaining  a  conversion  higher  than  50%  and  a  hydrogen 
permeate  purity  of  around  80%  [112], 

In  the  same  field,  Zhang  et  al.  [113]  used  a  carbon-based  MR  to 
carry  out  MSR  reaction.  The  carbon  membrane  was  used  as  a 
6-mm  i.d.  tube  with  a  wall  thickness  of  20-3  pm  and  sealed  inside 
a  stainless  steel  tube.  As  expected,  methanol  conversion  equal  to 
almost  100%  was  reached  in  the  carbon-based  MR  and  it  resulted, 


as  expected,  higher  than  the  conventional  fixed-bed  reactor  in  the 
temperature  range  of  200-250  °C.  Furthermore,  the  hydrogen 
permeate  purity  was  found  around  97%. 

Lee's  group  [108,111]  used  both  supported  Si02/Y-Al203/Pt- 
Si02/PSS  and  Si02/y-Al203  membranes  achieving  different  results 
depending  on  the  kind  of  membrane  used  in  the  MR.  The  first 
membrane  was  useful  for  achieving  complete  methanol  conver¬ 
sion  even  though  the  hydrogen  recovery  was  quite  low  (  <  10%). 
On  the  contrary,  during  the  MSR  reaction  the  second  membrane 
was  able  to  give  in  the  MR  more  than  40%  of  methanol  conversion, 
a  poor  hydrogen  recovery  but  a  quite  interesting  hydrogen  purity 
in  the  permeate  (98%). 

The  reported  experimental  data  in  Table  2  about  the  application 
of  dense  self-supported  Pd-based  membranes  [114,115]  show  great 
results  in  terms  of  complete  conversion,  high  hydrogen  recovery  and 
almost  100%  hydrogen  permeate  purity,  even  if  in  these  studies  the 
issue  about  the  need  of  decreasing  the  palladium  thickness  is  not 
discussed.  In  particular,  Basile's  group  spent  much  attention  in  the 
last  years  to  carry  out  MSR  reaction  in  inorganic  MRs  [110,114,120- 
123],  They  compared  MRs  and  conventional  fixed-bed  reactors  by 
investigating  such  parameters  as  reaction  temperature  and  pressure, 
time  factor  (residence  time),  H20/MeOH  feed  molar  ratio,  sweep  gas 
flow  rate  and  its  modality  configuration  (co-current  and  counter- 
current)  with  respect  to  the  feed  and  oxygen  addition  (in  the 
oxidative  MSR  reaction  [123]).  Various  membranes,  both  dense  and 
composite,  in  tubular  and  sheet  shape,  have  been  used  during  the 
experimental  tests  of  Basile  and  co-workers  such  as  tubular  dense 
self-supported  Pd77-Ag23  with  a  thickness  of  50  pm  produced  at 
ENEA  Laboratory  (Italy),  dense  Pd80-Ag20  sheet  with  a  thickness  of 
60  pm  produced  at  Laboratory  of  Noble  Metals  of  Institute  of 
Metallurgy  (RAS),  tubular  composite  Pd-Ag/Ti02-Al203  produced  at 
CNR-ICCOM  Laboratory  (Italy),  tubular  composite  Pd-Ag  on  asym¬ 
metric  ceramic  support  produced  at  University  of  Genova  Laboratory 
(Italy)  and  silica  membranes  from  Department  of  Chemical  Engineer¬ 
ing,  Nanostructure  Material  Research  Center,  Sahand  University  of 
Technology,  Tabriz  (Iran).  At  any  given  condition,  Basile  and  co¬ 
workers  demonstrated  that  the  MRs  show  superior  performances  to 
the  CRs,  operating  at  the  same  experimental  conditions  in  terms  of 
methanol  conversion,  selectivity  and  productivity,  all  of  which  are 
driven  by  the  constant  removal  of  hydrogen  from  the  reactor  zone. 

However,  other  interesting  studies  are  present  in  the  open 
literature  and  they  are  related  to  the  need  of  new  findings, 
particularly  oriented  to  prepare  and  use  supported  Pd-based 
membranes  to  carry  out  MSR  reaction.  For  example,  Lin's  group 
[117]  used  supported  PSS  Pd-membranes  supplied  by  Worcester 
Polytechnic  Institute,  in  which  the  Pd-layer  (20-25  pm)  was 
electroplated  onto  the  support.  They  performed  MSR  reaction  at 
350  C  and  with  a  H20/MeOH  feed  ratio  of  1.2/1,  using  a  Cu-based 
catalyst  reaching  conversion  higher  than  99%  and  with  a  pure 
hydrogen  recovery  in  the  permeate  side.  Lin  et  al.  theorized  that  a 
reverse  spillover  mechanism  is  responsible  for  the  improved 
reaction  rates  obtained  in  Pd  membrane  reactors  containing  Cu- 
based  catalysts.  Practically,  they  supposed  that  the  formed  hydro¬ 
gen  from  the  reforming  reaction  is  able  to  migrate  directly  from 
the  active  Cu-based  catalyst  site  to  the  Pd  membrane  surface. 

Han  et  al.  [7]  prepared  a  dense  self-supported  Pd-Cu  mem¬ 
brane  with  25  pm  thickness  in  order  to  carry  out  MSR  reaction  and 
supply  a  3-kW  PEMFC.  Complete  conversion  and  hydrogen  recov¬ 
ery  with  a  purity  of  99.9999%  are  the  main  performances  of  this 
MR.  Successively,  Han  et  al.  [118,119]  used  a  new  generation  of  this 
kind  of  MRs  for  a  nominal  25-kW  unit  operating  at  70-75% 
recovery.  The  device  was  planned  to  be  used  in  a  PEM  stack 
(Hyundai  Motors)  and  to  integrate  it  a  hybrid  vehicle. 

Other  important  researchers  like  Wieland  et  al.  [11]  carried  out 
MSR  reaction  in  MRs  by  studying  three  different  dense  and  self- 
supported  Pd-alloy  membranes,  Pd-Ag,  Pd-Cu  and  Pd-V-Pd. 


362 


A.  lulianelli  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  29  (2014)  355-368 


Among  them,  Wieland's  group  demonstrated  that  Pd-V-Pd  mem¬ 
brane  (40  pm  as  a  thickness)  possesses  high  permeation  rates,  but 
it  is  not  stable  and  suffers  mechanical  cracks  at  pressure  higher 
than  6  bar.  Pd-Cu  membrane  (25  pm  as  a  thickness)  was  found 
to  be  much  more  stable,  but  with  lower  hydrogen  permeation 
with  respect  to  the  third  Pd-Ag  membrane  (40  pm  of  thickness). 
Furthermore,  they  pointed  out  that  the  presence  of  CO  or  metha¬ 
nol  may  significantly  affect  the  hydrogen  permeating  flux  through 
the  membrane  because  these  components  compete  with  the 
adsorption  of  hydrogen,  decreasing  its  permeating  flux  by  up  to 
70%.  However,  Wieland's  group  found  that,  by  using  MRs  housing 
Pd-Cu  and  Pd-Ag  membranes  for  the  MSR  reaction,  at  T=  300  °C 
the  conversion  is  higher  than  99%  at  pressures  higher  than  5  bar 
and  it  overcomes  the  equilibrium  conversion  of  a  correspondent 
conventional  reactor  at  pressures  >  20  bar. 

Furthermore,  Fig.  6  shows  a  comparison  in  terms  of  methanol 
conversion  versus  reaction  temperature  among  the  last  5  years 
literature  data  for  MSR  performed  in  both  CRs  and  MRs. 

A  direct  comparison  among  all  the  experimental  data  from 
literature  reported  in  this  figure  is  not  possible  owing  to  the  different 
operating  conditions  adopted  by  each  author.  Nevertheless,  from  a 


qualitative  point  of  view  it  is  possible  to  observe  that  most  of  the 
methanol  conversions  from  the  reported  data  about  MRs  is  concen¬ 
trated  between  200  and  300  C  and  their  values  are  not  lower  than 
50%.  On  the  contrary,  most  of  the  methanol  conversions  from  CRs 
higher  than  50%  are  reported  in  the  temperature  range  from  300  to 
400  °C.  This  aspect  depicts  to  the  reader  a  scenario  in  which  great 
methanol  conversions  are  achievable  from  both  CRs  and  MRs. 
Nevertheless,  MRs  operate  at  lower  reaction  temperature  than  CRs 
with  a  consequent  possible  benefit  in  terms  of  energy  saving. 
Furthermore,  as  another  benefit  MRs  may  collect  a  purified  hydrogen 
stream  in  the  permeate  side  with  a  concentration  depending  on 
which  kind  of  membrane  is  utilized.  Furthermore,  another  important 
issue  is  represented  by  the  concentration  of  CO  in  the  hydrogen  rich- 
stream  produced  via  MSR  reaction  for  PEMFCs  supply.  As  stated  in 
the  first  part  of  this  review,  the  CO  concentration  tolerance  of  such  a 
PEMFC  depends  on  its  operating  temperature.  In  Table  3,  some  recent 
experimental  results  from  literature  concerning  CO  concentration 
in  the  MSR  reformed  stream  of  CRs  [103,131,134-137]  and  both 
permeate  and  retentate  streams  of  MRs  are  shown.  As  well  known, 
low-temperature  (LT)-PEMFCs  work  at  T<  100  C  (commonly « 
80  °C)  and  the  CO  tolerance  for  the  supplied  hydrogen  stream  is 
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Fig.  6.  Methanol  conversion  vs  reaction  temperature  for  MSR  reaction:  comparison  among  literature  data  for  both  CRs  and  MRs  [124-130,132,133]. 


Table  3 

Literature  data  about  CO  level  in  the  reformed  stream  of  some  CRs  and  in  both  permeate  and  retentate  streams  of  some  MRs. 


MRs 

T[  C] 

P  [bar] 

Catalyst 

Membrane 

CO  level  in  the 
permeate  side  [ppm] 

CO  level  in  the 
retentate  side  [ppm] 

Ref. 

230 

- 

Pt/Si02-Cu/Zn 

Si02/g-Al203/Pt-Si02/PSS 

90-120 

4600b 

Lee  et  al.  [Ill] 

200 

1 

CuO/ZnO/Al203 

Carbon  molecular  sieve 

<20 

- 

Sa  et  al.  [107] 

350 

6 

Cu/Zn0/Al203 

Composite  Pd/PSS 

n.d. 

60000a 

Lin  and  Rei  [109] 

- 

- 

- 

- 

<1 

30000b 

Han  et  al.  [119] 

350 

6 

Cu-based 

Composite  Pd/PSS 

n.d. 

47000b 

Lin  et  al.  [117] 

250 

5 

CuO/ZnO/Al203 

dense  self-supported  Pd-Ag 

<10 

1000b 

Israni  and  Harold  [105] 

300 

3,5 

CuO/Al203/ZnO/MgO 

dense  self-supported  Pd-Ag 

<10 

- 

lulianelli  et  al.  [120] 

CRs 

T  l°C] 

P  [bar] 

Catalyst 

CO  level  in  the 

Ref. 

reformed  stream  [ppm] 

200 

1 

CuO-MnO 

71 

Ouzounidou  et  al.  [134] 

180 

1 

CuO/ZnO/Al203 

500b 

Pan  et  al.  [103] 

420 

1 

ZnO/Al203 

» 7400b 

Yang  et  al.  [131] 

300 

1 

Cu/Zn0/Al203 

» 8000b 

Patel  et  al.  [135] 

250 

1 

Cu/Zn0/Al203 

» 1000b 

Purnama  et  al.  [136] 

250 

1 

Cu/Zr02 

w!00b 

Ritskopf  et  al.  [137] 
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lower  than  20  ppm.  Therefore,  as  shortly  resumed  in  Table  3,  the  CO 
level  of  the  reformed  streams  coming  from  CRs  are  not  adequate  to 
directly  supply  LT-PEMFCs,  needing  further  separation/purification  of 
the  hydrogen  rich-streams.  On  the  contrary,  the  reformed  stream  can 
be  useful  for  HT-PEMFCs,  being  the  CO  level  lower  than  20,000  ppm 
and,  then,  in  accordance  with  the  HT-PEMFCs  CO  tolerance  require¬ 
ments  [103],  Concerning  MRs,  as  shown  in  Table  3,  the  CO  level  in  the 
permeate  streams  depends  on  the  kind  of  membrane  housed  inside 
the  MR.  So,  dense  self-supported  Pd-based  membranes  allow  high 
purity  of  permeated  hydrogen  and,  as  a  consequence,  low  CO  level 
(  <  10  ppm),  making  possible  the  hydrogen  supply  to  LT-PEMFCs. 

Unfortunately,  the  great  values  of  low  CO  concentration  of 
the  permeated  hydrogen  of  dense  Pd-based  membranes  are  in 
contrast  with  the  cost  its-self  of  the  membranes.  Therefore,  many 
researchers  are  involved  to  find  a  compromise  between  high 
purity  permeated  hydrogen  and  dense  Pd-based  membrane  cost. 
However,  in  some  case  the  retentate  stream  of  such  MRs  shows  CO 
concentrations  lower  than  20,000-30,000  ppm,  usually  recog¬ 
nized  as  a  set  tolerance  for  HT-PEMFCs  [103],  In  that  case,  both 
the  permeate  and  retentate  streams  could  be  useful  for  LT-PEMFCs 
and  HT-PEMFCs  supply,  respectively. 

6.  MSR-FC  integration 

As  above  introduced,  fuel  cells  are  very  efficient  for  converting 
chemical  into  electric  energy  and  hydrogen  is  the  ideal  fuel  for  this 
application.  However,  hydrogen  has  low  energy  density  making 
it  difficult  to  store  and  transport.  Furthermore,  an  entirely  new 
distribution  infrastructure  and  storage  is  needed  [138],  Previous 
reasons  directed  the  scientific  community  to  search  for  new 
energy  vectors  and  methanol  demonstrated  to  be  good  alternative 

[138] ,  In  fact,  it  has  higher  energy  density  than  hydrogen,  it  is 
easier  to  handle  and  store  and,  especially,  it  shows  relatively  low 
reforming  temperature  (240-260  C)  due  to  absence  of  C-C  bonds. 
As  a  result,  many  authors  have  been  studying  the  MSR  for  in  situ 
hydrogen  production  to  feed  fuel  cells.  Commercial  power  supplies 
are  already  available  combining  in  situ  hydrogen  generation  by 
MSR  to  supply  high  temperature  fuel  cells,  namely  by  Ultracell 

[139] ,  AixCellSys  [140]  and  Serenergy  [141],  The  fuel  cell  and  the 
reformer  upon  the  closeness  can  be  defined  as  external  reforming 
(the  MSR  operated  as  standalone  system)  or  internal  reforming 
(the  MSR  is  part  of  the  fuel  cell  stack)  [142], 

6.1.  External  reforming 

Methanol  steam  reforming  for  in  situ  hydrogen  production  for 
fuel  cell  applications  has  been  studied  mostly  as  a  stand-alone 
process.  An  external  reformer  system  consists  of  a  combustor 
where  a  small  fraction  of  fuel  is  burned  and  provides  heat  for  the 
following  steps,  a  vaporizer  to  heat  and  vaporize  the  fuel,  a 
reformer  to  carry  out  the  reforming  reaction  and  a  carbon 
monoxide  converter  to  carbon  dioxide  such  as  a  preferential 
oxidation  (PROX)  reactor  (Fig.  7).  Hydrogen  purification  can  be 
achieved  by  pressure  swing  adsorption  (PSA)  or  metal  membrane 
processes. 

AixCellSys  [140,143]  and  Serenergy  [141]  used  similar  strate¬ 
gies  to  produce  power  supplies  that  combine  external  reforming 
and  HT-PEMFC.  These  systems  integrate  a  combustor,  which  burns 
the  non-reacted  hydrogen  from  the  fuel  cell  out-stream,  a  vapor¬ 
izer  to  heat  and  vaporize  the  fuel  (water/methanol  molar  ratio  of 
1.5:1),  a  reformer  loaded  with  Cu0/Zn0/Al203  and  HT-PEMFC 
(Fig.  8).  These  power  supplies  do  not  require  CO  removal  due  to 
the  high  CO  tolerance  of  HT-PEMFC,  up  to  ca.  1%  for  fuel  cells 
operating  at  170  °C  or  above  [144],  The  start-up  period  is  slightly 
longer  for  HT-PEMFC  systems  (5-15  min)  due  to  the  acid  nature 


Fig.  7.  Standard  setup  for  external  reforming  (adapted  from  [78]). 


oo 


Fig.  8.  Integrated  MSR-FC,  (adapted  from  [143]). 


of  polymeric  membranes  (polybenzimidazole— PB1)  that  requires 
materials  suitable  for  operating  under  corrosive  conditions,  increas¬ 
ing  the  size  of  the  fuel  cell  stack  [145,146].  During  the  start-up 
period,  a  lithium  battery  provides  the  energy  for  two  heaters  until 
the  operation  temperature  is  reached.  Both  systems  are  compact 
and  represent  an  important  step  towards  the  commercialization  of 
power  supplies  based  on  MSR/FC  systems.  However,  the  maximum 
electric  power  output  is  0.2  W  cm~2  for  both  systems  [143],  which 
is  half  of  the  performance  for  a  fuel  cell  fed  with  pure  hydrogen. 

Power  supplies  combining  low  temperature  PEMFC  and  MSR 
are  also  described  in  literature  and  commercially  available.  H2 
planet  offers  a  power  supply  with  this  technology  [145]  and  Honda 
proposed  a  prototype  of  a  car  equipped  with  a  MSR-LT-PEMFC 
[147],  The  International  Organization  for  Standardization  (ISO 
14687)  recommends  for  road  vehicles  application  a  maximum 
CO  concentration  of  0.2  ppm  for  feeding  LT-PEMFC  [148],  which 
requires  the  reformate  deep  purification.  This  is  conventionally 
achieved  coupling  to  the  MSR-CRs  a  WGS  and  a  PROX  reactors 
[149],  even  though  palladium  membranes  being  considered  with 
great  advantages. 

C02  does  not  affect  poison  the  fuel  cell  catalyst  like  CO,  since 
dilutes  further  the  hydrogen  originating  losses  of  ca.  20%  in  the 
maximum  power  density  [149].  C02  concentration  increases  as  the 
reformate  stream  progresses  inside  the  fuel  cell  up  to  a  point 
where  fuel  starvation  occurs.  This  fuel  starvation  normally  hap¬ 
pens  well  before  the  maximum  power  density  when  pure  hydro¬ 
gen  is  supplied.  To  partially  compensate  this  drawback,  a  high  feed 
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flow  rate  is  supplied  that  originates  a  significant  hydrogen  waste  of 
ca.  30%  [149], 

The  external  integration  simplifies  the  addition  of  new  compo¬ 
nents  to  the  system  that  can  improve  the  process  overall  efficiency. 
As  previously  mentioned,  an  ideal  reformer  should  produce  a 
hydrogen  stream,  mostly  free  of  CO,  and  containing  low  concentra¬ 
tions  of  C02,  methanol  and  water.  This  can  be  achieved  using  a  Pd- 
based  reformer  that  allows  the  selective  removal  of  hydrogen  from 
the  reaction  medium  [7],  As  previously  reported  in  the  text,  besides 
originating  a  hydrogen  pure  stream,  a  Pd-based  MR  allows  improving 
the  methanol  conversion  since  hydrogen  product  is  selectively 
removed  and  the  backward  reaction  is  prevented  [150],  Though  very 
attractive,  hydrogen  permeates  the  membrane  if  a  very  low  hydrogen 
partial  pressure  is  maintained  in  the  permeate  side,  which  can  be 
costly.  Instead  of  selectively  removing  hydrogen,  C02  removal  could 
be  considered  and,  since  C02  concentration  in  air  is  quite  low,  ca. 
400  ppm,  its  use  as  sweep  gas  would  provide  an  effective  low  cost 
permeation  driving  force.  For  fuel  cells  with  low  sensitivity  towards 
CO  such  as  HT-PEMFC,  carbon  dioxide  removal  would  be  the  best. 
However,  there  is  still  no  C02  selective  membrane  that  can  operate  at 
reforming  temperatures  through  recent  efforts  [148,151,152],  Alter¬ 
natively,  the  use  of  adsorbents  such  as  zeolite  13X  [153]  and  hydro- 
calcites  [154]  are  referred  in  the  literature  as  being  able  to  remove 
selectively  carbon  dioxide  from  the  reaction  medium  or  from  the 
reformate  stream.  However,  after  saturation  the  regeneration  step  is 
difficult  to  accomplish.  A  thermal  swing  adsorption  (TSA)  process 
could  in  principle  be  considered  for  purifying  the  reformate  stream 
but  this  is  normally  an  energy  demanding  process  [155], 

The  thermal  resistance  between  the  heat  source  and  catalyst  bed 
must  be  as  small  as  possible.  For  external  reforming  integration  the 
heat  required  for  the  reforming  process  is  typically  provided  by  a 
combustor  [4,157],  The  flow  and  heat  transfer  (combustor- reformer) 
effect  on  the  reactor  performance  has  been  studied  using  phenom¬ 
enological  models  [156,158,159].  Heat  conduction  through  the  micro¬ 
reactors  walls  was  observed  to  have  a  significant  impact  on  the 
temperature  distribution  and  consequently  on  the  methanol  conver¬ 
sion  [160].  Thus,  to  optimize  the  heat  transfer  high  conductive 
materials  should  be  used  on  combustor  and  reformer  fabrication. 
The  heat  transfer  is  also  affected  by  different  designs  adopted  for 
combustors  and  reformers.  For  example,  by  changing  reformer  and 
combustor  from  parallel  channel  design  to  serpentine,  the  flow 
velocity  increases  and,  then,  the  stagnant  film  adjacent  to  the  wall 
becomes  thinner  and  the  heat  transfer  coefficient  increases  [156,158], 
A  more  efficient  heat  transfer  from  the  combustor  to  the  reformer 
allows  higher  hydrogen  yields.  In  small  devices  the  heat  manage¬ 
ment  is  critical  because  the  high  surface-to-volume  ratio.  A  cylind¬ 
rical  design  organized  in  a  “thermal  cascade"  can  be  adopted  to 
minimize  the  heat  losses,  having  cooler  layers  covering  hotter  ones, 
thus  the  combustor  is  inserted  in  the  center  followed  by  the 
vaporizer,  the  reformer  and  so  on  [161,162], 

External  reforming  has  the  advantage  of  being  not  restricted  to 
a  reformer/fuel  cell  stack  configuration,  allowing  different  designs 
potentially  more  efficient  for  fuel  processing.  The  reformer  can 
operate  at  higher  temperatures  and  a  MR  configuration  can  be 
used,  which  results  in  higher  conversions  and  the  production  of  a 
purified  hydrogen  stream. 

6.2.  Internal  reforming 

Internal  reforming  involves  heat  and  mass  exchange  between 
the  MSR  and  electrochemical  reaction  and  it  is  classified  as  direct 
or  indirect,  depending  on  the  MSR  catalyst  if  inserted  or  not  in  the 
anode  compartment,  respectively  [142], 

Fuel  cells  are  exothermic  devices  that  waste  ca.  50%  of  the  input 
chemical  energy  as  heat,  while  methanol  steam  reformers  are 
endothermic;  internal  reforming  targets  to  take  advantage  of  efficient 
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Fig.  9.  Direct  Internal  MSR  (adapted  from  [166]). 


heat  exchange  between  the  two  devices.  LT-PEMFCs  operate  at  ca. 
80  °C  and  HT-PEMFCs  at  ca.  180  C,  while  MSR  operates  at  ca.  250  “C. 
Due  to  this  mismatching  operating  temperature,  many  authors 
choose  external  reforming,  but  for  HT-PEMFC  a  synergetic  heat 
integration  can  be  achieved  if  possible  either  or  both  to  increase 
the  fuel  cell  operating  temperature  or  lower  the  reforming  tempera¬ 
ture.  Since  the  operation  of  HT-PEMFC  is  limited  to  a  maximum 
operating  temperature  of  200  °C,  a  few  authors  proposed  lowering 
the  reforming  temperature  [37,103,163].  At  180  C  the  methanol 
conversion  in  a  commercial  catalyst  (CuO/ZnO/Al203)  is  very  low. 
For  example,  for  a  contact  time  of  VVcat/FMeOH=30  kg  s  mol-1  the 
methanol  conversion  is  80%  at  250  °C  and  13%  at  180  C  [164], 
Pan  et  al.  [103]  were  as  first  authors  to  study  the  performance  of 
an  indirect  internal  reforming  coupled  with  a  HT-PEMFC  operating 
at  180-200  °C.  They  loaded  the  reformer  with  149  g  of  commercial 
catalyst  (Cu0/Zn0/Al203)  and  obtained  a  hydrogen  yield  of  400  dm3 
h~'  kgcataiyst-1  for  nearly  100%  of  methanol  conversion.  The  fuel  cell 
stack  exhibited  a  lower  maximum  power  density  when  fed  with 
reformate  compared  to  when  fed  with  pure  hydrogen  but  a  higher 
energy  efficiency  [103], 

Avgouropoulos  et  al.  [165,166]  used  a  fuel  cell  equipped  with  a  PBI 
electrolyte  membrane  by  ADVENT  TPS  that  resists  to  higher  tem¬ 
peratures,  up  to  210  °C,  and  a  methanol  reforming  catalyst  of 
CuMnO*  loaded  in  the  anode  chamber  (Fig.  9).  The  system  was 
operated  at  200-210  “C  producing  a  current  density  of  0.17  A  cm~2 
at  600  mV.  The  advantages  of  the  indirect  internal  reforming  are 
compactness  and  heat  integration.  The  reforming  conversion  is  also 
enhanced  by  the  continuous  electrochemical  hydrogen  removal  from 
the  reforming  reaction  medium.  However,  since  PBI  membranes  are 
intolerant  to  high  methanol  concentrations,  resulting  in  low  power 
output  [36,167], 


7.  Perspectives 

The  production  of  MSR  reaction  still  continues  to  be  an  active 
area  of  research  and  much  progress  has  been  achieved  both  in  the 
field  of  catalysts  development  and  applications  involving  both  CRs 
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and  MRs,  even  though  many  problems  still  remain  to  be  solved. 
This  review  deals  with  MSR  reaction  to  produce  hydrogen  for 
PEMFC  supply  combined  to  an  overview  on  the  new  findings  on 
MSR  catalyst  development  and  inorganic  MR  technology.  In  parti¬ 
cular,  it  is  reasonable  to  understand  that  the  exploitation  of  renew¬ 
able  sources  such  as  methanol  constitutes  an  important  possibility 
in  the  route  of  hydrogen  production  via  reforming  reactions  by 
inorganic  MR  technology.  This  combination  could  drive  to  an 
improvement  of  the  hydrogen  production  units,  making  possible 
the  requirements  for  the  integration  of  methanol-based  fuel  pro¬ 
cessors  with  PEM  fuel  cells.  A  critic  issue  not  largely  addressed  in 
the  specialized  literature  involves  this  concept:  considering  that 
natural  gas  and,  more  in  general,  other  derived  fossil  fuels  are 
essentially  utilized  for  stationary  applications,  it  is  expected  that 
alcohols  such  as  methanol  could  have  a  major  impact  on  the  future 
portable  applications.  However,  reactor  and  system  development 
activities  by  several  scientific  groups  around  the  world  demon¬ 
strated  the  ability  of  performing  MSR  reaction  at  small  and  large 
scale  and  at  high  efficiencies.  As  a  consequence,  selection  of 
material  and  system  design  vary  a  lot  from  the  very  small  metal, 
glass  or  ceramic  micro-reactors  to  the  large  scale,  high  pressure 
membrane-based  systems.  In  the  area  of  inorganic  MRs  applied  to 
MSR  reaction,  a  relevant  still  unsolved  issue  is  represented  by  the 
impossibility  of  comparing  the  performances  (in  terms  of  conver¬ 
sion,  hydrogen  yield  and  hydrogen  recoveiy)  among  the  existing 
scientific  works  owing  to  the  different  operating  conditions  adopted 
by  each  author  during  the  experimental  tests.  Furthermore,  even 
though  in  literature  there  are  a  number  of  studies  on  MSR  reaction 
performed  in  MRs,  no  one  of  them  focuses  on  cost  analysis  of 
these  devices.  This  aspect  points  out  that  inorganic  MR  technology 
still  presents  some  deficiencies  to  be  overcome  before  its  imple¬ 
mentation  at  larger  scales.  As  a  future  perspective,  a  new  research 
approach  should  be  aimed  by  the  preparation  of  composite  mem¬ 
branes  based  on  very  thin  Pd-layer  deposited  onto  porous  supports 
showing  veiy  high  hydrogen/other  gas  perm-selectivity,  able  to 
operate  for  long  periods  at  high  temperatures  and  pressures  as  well 
as  to  develop  membrane  systems  not  based  on  palladium  by 
exploiting  the  potentiality  of  HT-PEMFCs  to  tolerate  higher  level  of 
CO  in  the  hydrogen  stream  supplied. 


8.  Conclusions 

Major  advances  have  been  made  in  the  field  of  hydrogen 
production  through  MSR.  New  catalyst  base  on  cooper  or/and 
palladium  are  being  developed  and  is  expected  higher  catalytic 
activity,  making  possible  the  complete  integration  of  MSR-reactors 
with  PEMFC.  Tubular  reactors  or  coil  designs  cause  high  pressure 
drops  and  are  not  the  most  suitable  for  MSR  reaction,  others 
designs  as  radial  demonstrate  being  more  appropriate.  MRs  play 
an  important  role  in  hydrogen  production,  promising  weight  and 
space  savings.  Dense  metal  membranes  provide  high  purity 
hydrogen  over  a  wide  range  of  pressure  and  temperature.  The 
selective  removal  of  hydrogen  enhances  the  methanol  conversion 
that  is  higher  than  the  conversion  in  a  conventional  reactor.  But 
the  futures  of  membrane  reactors  for  fuel  cell  depends  on  the 
ability  to  produce  high  permeate  fluxes  at  low  system  pressure 
with  moderate  cost  and  suitable  stability  in  all  phases  of  a  typical 
load  cycle. 
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